Wolbachia are intracellular α-proteobacteria that have a wide distribution among various 22 arthropods and nematodes. They affect the host reproduction favoring their maternal 23 transmission, which sets up a potential conflict in inbreeding situations when the host avoids 24 sexual reproduction preventing inbreeding depression, while Wolbachia pushes it. In this study, 25 we used the wasp Habrobracon hebetor to test the hypothesis that Wolbachia modulate 26 inbreeding avoidance behaviour and promote sib mating. To test this, we first cured wasps of 27 Wolbachia using tetracycline treatment and produced infected and uninfected isolines. Then, we 28 paired the uninfected and infected females with sibling (inbred) and non-sibling (outbred) males 29 in choice and non-choice experiments. Our results showed no obvious precopulatory inbreeding 30 avoidance in this wasp as brother-sister mating rates (in both choice and nonchoice experiments) 31 were not significantly different form non-sibling pairs, regardless of Wolbachia infection. 32 However, our results indicated that H. hebetor shows a strong postcopulatory inbreeding 33 avoidance behaviour that results in a low fertilization rate of uninfected siblings and therefore 34 high rate of production of male progeny was obtained. We observed higher rates of fertilization 35 success in the Wolbachia-infected lines that resulted in significantly higher female progeny 36 production compared to the uninfected sib mates. Since diploid females are the result of 37 successful fertilization due to haplodiploidy sex determination system in this insect, our results 38 indicate that Wolbachia promoted fertile sib mating in H. hebetor. Interestingly, the rate of adult 39 emergence in the progeny of Wolbachia-infected sib mates were almost similar to the non-sib 40 mate crosses and significantly more than those observed in the uninfected sib mate crosses. We 41 support the idea that Wolbachia modulate inbreeding avoidance and promote sib mating and also 42 mitigate inbreeding depression. The wasp Habrobracon hebetor siblings infected with 43 3 Wolbachia show higher rates of fertilization success and higher adult emergence rates compared 44 to the uninfected sib mates. By promoting successful sex with siblings and increasing the 45 probability of female progeny, Wolbachia enhance their transmission to the next generation and 46 also mitigate inbreeding depression. This is an undescribed effect of Wolbachia (symbiont) on 47 the host reproduction. 48 49
Introduction 64
Wolbachia are endosymbiotic intracellular bacteria that have a wide distribution in various 65 arthropods, including insects, isopods, and mites, and nematodes (Werren, Baldo & Clark 2008; 66 LePage & Bordenstein 2013). These gram-negative bacteria manipulate the reproductive system 67 of their hosts via male-killing (Jiggins, Hurst & Majerus 1998; Hurst et al., 1999) , feminization 68 (Rousset et al., 1992) , inducing parthenogenesis (Stouthamer, Luck & Hamilton 1990) and 69 cytoplasmic incompatibility (CI) (Yen & Barr 1971; Turelli & Hoffmann 1995) . Wolbachia 70 utilize these strategies increasing the frequency of infection in a host population. CI strains of 71 Wolbachia cause the diploid eggs obtained from infected males and uninfected females not to 72 hatch (LePage & Bordenstein 2013) . In most hosts, CI-Wolbachia alter the hosts' mating 73 behaviour enhancing their occurrence in the population. For example, Wolbachia increase the 74 desire for mating in Drosophila males increasing the chance of successful mating (De Crespigny, 75 Pitt & Wedell 2006). In addition, infected female mites choose infected males to mate and vice 76 versa (Vala et al., 2004) . Thus, in some cases, Wolbachia induce reproduction isolation between 77 infected and non-infected populations and create semi-species (Breeuwer & Werren 1990; 78 Bordenstein, O'hara & Werren 2001; Miller, Ehrman & Schneider 2010) . 79 Inbreeding occurs when two closely related organisms mate with each other and produce 80 offspring generally with reduced biological fitness (i.e. inbreeding depression). Inbreeding in 81 wasps including Habrobracon hebetor leads to the production of homozygous individuals 82 (diploid males) with lower survival and fertility (Petters & Mettus 1980; Antolin et al., 2003) . 83 Because inbred individuals are commonly less fit than outbred individuals due to inbreeding 84 depression, inbreeding avoidance mechanisms at precopulatory (Lihoreau, Zimmer & Rivault 85 2007; Liu et al., 2014; Pilakouta & Smiseth 2017) and postcopulatory (Tregenza & Wedell 2002; 86 Michalczyk et al., 2011; Duthie, Bocedi & Reid 2016) levels are expected to occur to avoid 87 inbreeding depression. Therefore, female wasps basically avoid mating with their brood-mates 88 preventing inbreeding depression (Ode, Antolin & Strand 1995 crosses, two isolines from each of the two parasitoid wasp populations were generated (i.e. 111 MW + , MW -, NW + and NW -) using tetracycline treatment (0.2%, w/v with diluted raw honey) as 112 described before (Bagheri et al., 2019) . Ten wasps of each isoline was then randomly selected to 113 test for Wolbachia infection using qPCR. After successful removal of Wolbachia from the wasps 114 (confirmed by qPCR), they were reared for 10 generations without tetracycline treatment under 115 laboratory conditions at 25 ± 5 ºC, 60 ± 5% RH and a photoperiod of 16:8 h. The resultant adult 116 wasps from the 13th generation were considered as the uninfected isolines (W -) and the adult 117 wasps from these isolines were used for experiments. The Wolbachia-infected isolines were 118 reared similarly without antibiotic treatment. rRNA genes were used as reference genes (Karamipour, Fathipour & Mehrabadi 2016) . 129 Reactions from three biological replicates were repeated three times. and outbred conditions 132 The individuals used in the sib mating experiment were derived from one propagation line and 133 thus all individuals were expected to be closely related. In the choice experiments, we allowed 134 females (W + or W -) to choose between sib or non-sib males. To do this, 27 virgin females (13 135 from M and 14 from N propagation lines) were randomly selected and individually placed in a 136 container with a sib and non-sib male and their mate choice behaviours including sib/non-sib 137 mating, number of mating, and mating latency (time to mating) were recorded for 15 min. These 138 experiments were performed for both Wolbachia infected and uninfected wasps. 139 In the non-choice experiments, we randomly selected 21 pairs Wolbachia infected isoline (i.e.
140
♂MW + x ♀MW + ) and 20 pairs of the uninfected isoline (i.e. ♂MWx ♀MW -), and allowed each 141 pair to mate and lay eggs on the host separately. The rate of mating, mating latency, and mating 142 duration were measured, and the resultant eggs of each pair were separately reared at the 143 abovementioned conditions until the emergence of the adult offspring. Then, 19 pairs of males 144 and females that were obtained from a female i.e. siblings, were mated and allowed to oviposit 145 for 24 hours. The mating rates, numbers of eggs, egg hatching rates, the mean of emerged adults 146 and offspring sex ratio of each pair were recorded for four days. This experiment was performed 147 for Wolbachia infected and uninfected wasps. 148 The individuals used in non-sib mating experiment were derived from two propagation lines (M 149 and N) and thus the individuals were expected to be unrelated. To perform non-sib mating 150 crosses, we collected 100 pupae from the W + and Wisolines from the two propagation lines and 151 allowed them to emerge as female and male adults. Then, 19 virgin females of the M propagation 152 line and 19 virgin males of the N propagation line were mated and allowed to oviposit 153 separately. We calculated the mating rate, the number of eggs, the egg hatching rates, the mean 154 number of emerged adults and the offspring sex ratio for four days. pairs, and analyzed different parameters associated with reproduction of the wasps. The results showed no differences in the mating latency, attempts to mate, and mating duration between the 176 different crosses ( Fig. 2A -C, Table 2 ). However, the results showed that the highest numbers of 177 female progeny per female were generated in the progeny of Wolbachia-infected non-sibling and 178 uninfected non-sibling pairs (63.9 ± 2.28 and 52.59 ± 4.38, respectively). Interestingly, the 179 Wolbachia-infected sibling pairs produced higher female progeny per female compared to 180 uninfected sibling pairs (27.8 ± 6.89 and 9.04 ± 3.32 respectively). In fact, the uninfected sibling 181 pairs produced the lowest number of female progeny ( Fig. 2D . Table 2 ). 182 We also compared the number of resultant eggs of the crosses during four days of oviposition. 183 The mean numbers of eggs within four days per female of Wolbachia-infected non-sibling pairs 184 were lower than others (Fig. 3A , Table 3 ). In addition, the rates of egg hatching in sibling pairs 185 were higher than non-sibling pairs; moreover, the rates of egg hatching in the uninfected crosses 186 were higher than the infected crosses ( Fig. 3B , Table 3 ). The lowest rate of pupa formation was 187 observed in the uninfected non-sibling (91.09±1.21), while there was no difference among others 188 ( Fig. 3C , Table 3 ). The progeny emergence rate of uninfected sibling pairs was significantly 189 lower than that of other crosses (55.16±3.40) including Wolbachia-infected sibling pairs. The 
Discussion
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Inbreeding avoidance has been seen in many species, to avoid mating with siblings (Lihoreau, 195 Zimmer & Rivault 2007; Michalczyk et al., 2011; Liu et al., 2014; Duthie, Bocedi & Reid 2016; 196 Pilakouta & Smiseth 2017). The progeny resulting from inbreeding have less survival, thus 197 females are less willing to mate with siblings than non-siblings (Harper et al., 2016) . We previously showed that Wolbachia induce a strong CI in H. hebetor and affect its mating 199 behaviour (Bagheri et al., 2019) . In this study, we investigated the effect of Wolbachia on pre- 200 and postcopulatory inbreeding avoidance behaviour in the parasitoid wasp, H. hebetor. Further, 201 we determined the effect of Wolbachia on the offspring sex-ratio from H. hebetor in the sib/non-202 sib mating conditions. 203 Our results showed that despite no differences in mating rate and mating latency in sib and non- This study is the first to show that a symbiont (i.e. Wolbachia) interferes with inbreeding 241 avoidance of its host post-copulatory and promote successful mating with siblings. This 242 reproductive modification increases the number of female offspring that could vertically transmit 243 Wolbachia to the next generations. We also support the idea that Wolbachia alleviate inbreeding depression effects in inbred lines highlighting a complex host modification by this bacterium to 245 increasing its probability of transmission to the next generation. Society B: Biological Sciences, 273, 1455-1458 . 274 De Crespigny, F.C., Pitt, T. & Wedell, N. (2006) . Increased male mating rate in Drosophila is associated 275 with Wolbachia infection. Journal of Evolutionary Biology, 19, 1964 Biology, 19, -1972 Duthie, A.B., Bocedi, G. & Reid, J.M. (2016) . When does female multiple mating evolve to adjust 277 inbreeding? Effects of inbreeding depression, direct costs, mating constraints, and polyandry as a 278 threshold trait. Evolution, 70, 1927 Evolution, 70, -1943 Harper, K., Bagley, R., Thompson, K. & Linnen, C. (2016) . Complementary sex determination, 280 inbreeding depression and inbreeding avoidance in a gregarious sawfly. Heredity, 117, 326. Behavioral Ecology, 18, [880] [881] [882] [883] [884] [885] [886] [887] Liu, X., Tu, X., He, H., Chen, C. & Xue, F. (2014) . Evidence for inbreeding depression and pre-301 copulatory, but not post copulatory inbreeding avoidance in the cabbage beetle Colaphellus 
